Abstract-Carbachol (10<SUP>-8</SUP>-10<SUP>-3</SUP> M) caused a phasic contraction in the guinea-pig taenia caecum suspended in the Ca-free, K-Tyrode solution. The action of carba chol was concentration-related and was completely antagonized by atropine (10<SUP>-6</SUP> g/ml). The capacity to contract in the absence of external Ca was removed by short term exposure to a high concentration of carbachol (more than 5&times;10<SUP>-4<?SUP> M), but was restored after treatment with Ca (0.1-2.0 mM). Carbachol, 10<SUP>-3</SUP> M, was used throughout the following experiments. The degree of restoration increased with the duration of treatment with Ca and with the concentration of Ca. The restored capacity was not maintained but wore off again after return to the Ca-free solution.
g/ml). The capacity to contract in the absence of external Ca was removed by short term exposure to a high concentration of carbachol (more than 5&times;10<SUP>-4<?SUP> M), but was restored after treatment with Ca (0.1-2.0 mM). Carbachol, 10<SUP>-3</SUP> M, was used throughout the following experiments. The degree of restoration increased with the duration of treatment with Ca and with the concentration of Ca. The restored capacity was not maintained but wore off again after return to the Ca-free solution. The time courses of restoration and disappearance of the capacity following addi tion and withdrawal of Ca were much slower than those of the Ca-contracture and its relaxation.
The rate constant for loss of Ca component responsible for the capa city was calculated as 0.063 min<SUP>-1</SUP> by assuming that there is a hyperbolic function be tween steady isometric tension and [Ca]<SUB>1</SUB>. These results suggest that carbachol mobi lizes Ca ions from stored Ca, which is in a dynamic equilibrium with [Ca]<SUB>0</SUB>, to acti vate the contractile proteins.
It has been observed that excitatory drugs such as carbachol cause depolarized smooth muscles to contract and these do so for a long time even when free-Ca ions are A preliminary account of some of these results has already been given (3) .
MATERIALS AND METHODS
The taenia caecurn, isolated from guinea-pigs of both sexes and weighing 300 to 400 g was used throughout. A segment of taenia approx. 15 nom long was suspended in an organ bath containing 5.0 ml of Tyrode solution which had the following composition:
glucose, 5.0 mM; NaHCO3, 12 mM and was bubbled with air. After equilibration in Tyrode solution for 60 min at 37'C, the muscle was then transferred to K-rich Tyrode solution in which the NaCI was replaced with equimolecular KCI, the CaCl2, NaH2PO4 and NaHCO3 were omitted and tris-maleate buffer (pH=7.4), 5.0 mM was added. The temperature of the depolarizing solution was maintained at 20_'__1'C. This temperature was critical in order to carry out present work. Mechanical responses to Ca and car bachol were isometrically measured using a mechano-electronic transducer and records were obtained on a potentinometric pen recorder (Hitachi, 056). At the beginning of the experiment in the K-rich solution, a resting tension of less than 0.5 g was established.
To vary the Ca ion concentration and to apply carbachol, CaC12 and the drug were added to the bathing solution by rapid injection of a small volume (0.05 ml) from their concen trated solutions until the final required concentration was reached. All concentrations used refer to the final concentration in the bathing medium. Experiments to determine whether or not the capacity to contract in response to car bachol in the absence of external Ca would be restored after pre-treatment with Ca were performed using the muscles in which the capacity retaining Ca had been diminished by short-term exposure to 10-3 M of carbachol (hereafter, referred to 'Ca-deprived taeniae'). For the Ca treatment, a Ca-deprived taenia was incubated for various periods in the K-rich Tyrode solution containing Ca in different concentrations after which the muscle was washed 3 times with the K-rich Tyrode solution and was allowed to remain suspended in this solution for 10 min in order that the extracellular fluid would be depleted of Ca. To avoid a complication of deterioration of the tissue, the experiments were designed to be completed within 180 min.
Drugs used were carbamylcholine chloride (carbachol, Merk) and atropine sulfate (Tanabe).
RESULTS

Effects of' carbachol
When a segment of the taenia caecum of the guinea-pig, after equilibration in Tyrode solution at 37'C, was exposed to the K-rich Tyrode solution (Ca-free, K-Tyrode solution), a strong, rapid contraction developed, and began to decline more slowly from the maxi mum amplitude reached within 30 sec after exposure to an intermediate level, as illus trated in Fig. I a. A rapid cooling of the bathing medium to 20`C caused further relaxa tion following a small transient increase in tension. Carbachol in concentrations from 10-3 to 10-3 M contracted the muscle when applied after the relaxation had been virtu ally completed. The contractile response was also a transient one and the developed tension fell to the initial level within several min despite the fact that the bath still con tained carbachol. The action of carbachol was dose-related: The dose-response re lationship defined approximately an S-shaped Curve. Atropine (10-s g; ml) blocked the action of carbachol, indicating the contractile effect to be on the specific cholinergic re ceptors of the tissue. a) The muscle segment which had been bathed for 60 min in normal Tyrode solution at 37'C was exposed to Ca-free, K-Tyrode Solution (K-Tyrode).
Carbachol (10' M) was applied at Carb. A period of 10 min clasped between the first and second applications. b) At Ca, Ca (1.0 mM) was added to the bathing medium. The Ca was left for 5 min and then removed by washing. Carbachol was next applied 10 min after removal of the Ca. Records of two experiments are superimposed.
Restoration of tlrc carbachol responsiveness after treatment with Ca
As shown in Fig. 1 b, the muscle incubated with Ca did indeed restore this capacity.
The muscle was treated with 1.0 mM Ca for 5 min as described under Methods.
It can be seen that a slow increase in tension of the muscle developed following the addition of The degree of restoration produced was found to increase with the duration of in cubation with Ca and the concentration of Ca used for incubation. However, this res toration passed off gradually after return to the Ca-free Solution.
When carbachol was added to the bathing solution before Ca and was present during Ca incubation, restora tion did not occur.
Effects of changes of iucrrbation period with Ca on the carbachol response
Seven segments of the taenia were used for the experiments. Erects of changes in Ca-concentration for incubation on the carbachol response First, mechanical responses to carbachol were observed after the muscle had been treated with Ca by incubating in the solution with 0.5 mM Ca for various periods. The same muscle was then subjected to a second series of experiments with 1.0 mM Ca in the same manner as described above. Changes in the responses as a function of the duration of incubation are shown in Fig. 3 . It is clear from the curves that the incubation with 1.0 mM Ca is more effective in restoring the carbachol responsiveness of the muscle. Another interesting finding is that the curves are approximately in parallel and never showed a tendency to fuse into one as they would if the Ca pool was a readily saturable one. There was a noticeable increase of the carbachol response after the Ca-contractures had reached their peak tension. On repetition, the Ca-contrac tures were fairly constant in magnitude and sustained the raised tension during the Ca incubation.
In these experiments, Ca was present at the moment of the introduction of carbachol and the concentration of Ca in extracellular space would be expected to be con stant after the Ca-contracture had reached its equilibration. Therefore, changes in the mecha where Pmax is the maximum contractile response of which the smooth muscle system is capable, obtained when an infinitive amount of Ca is present, and a is a proportional constant. The loss of Ca can be described as follows : Thus, a plot of log (P/(Pma,x-P)) against time defines a straight line with a slope equal to -2/2.303.
As presented in Fig. 8 , the disappea rance curve in Fig. 4b was re-plotted in this manner, assuming that the peak tension of the K-contracture is P,,,,,. Each point ex cept that at 5 min follows the straight line. sponses to carbachol applied at various intervals after the beginning of exposure to Ca extended beyond the period within which the Ca-contractures reached their peak (Fig. 5 ).
The peak after the initial, slow phase of tension development of the ('a-contractures is assumed to represent the point at which Ca in the extracellular space of the muscle has reached equilibrium with the Ca in the bathing medium. Thus, the contractile response to carbachol during exposure to Ca cannot be ascribed merely to Ca ions in the extra cellular space. Moreover, the similarity in the time course of the contractile responses to carbachol before and after switching to the Ca-free medium suggests that Ca is utilized from the same source. All results described above, however, can he explained readily on the basis of the hypothesis that the carbachol responsiveness after transfer to the Ca-free solution is not attributable to the remaining Ca in the extracellular fluid space, but rather to stored Ca. The rate constant for loss of stored Ca into the Ca-free medium is calcu lated as 0.063 min-1 by assuming that there is a hyperbolic function between steady iso metric tension and [Ca]j. The assumption may be reasonable, since a plot of the peak tension developed by Ca added to the bathing medium against the logarithm of the Ca concentration has been shown to define a hyperbolic curve (7) . This function has been demonstrated in skeletal muscle directly using frog skinned fibers (4, 5) and skinned Bray fish muscle fibers (8) .
The fact that a restoration of the carbachol responsiveness does not take place if carbachol is present during Ca incubation may be associated with the mobilizing action of carbachol on stored Ca. Many investigators have suggested that acetylcholine releases cell-bound Ca and causes contraction in smooth muscle tissues (2, 9, 10, 11, 12, 13) . In the depolarized toad stomach muscle, however, Potter et al (12) observed that intermittent stimulation with acetylcholine during exposure to 0.05 mM Ca increased slowly exchange able Ca fraction which determined the magnitude of contractions elicited with acetyl choline during depletion in Ca-free solution. This difference from our finding may pos sibly be related to the short-lasting action of acetylcholine compared to that of carbachol:
Even if acetylcholine acts primarily by releasing Ca from the slowly exchangeable sites as it does so during depletion, the fast termination of the action may allow these sites to be replenished. The replenishment may be carried out to excess provided the exposure to acetylcholine increases the Ca available and/or depletion gives some degree of prefer ence for reloading of these sites (12) . Our observations (unpublished) support an ex cess replenishment of this type, that is that the magnitude of contractions elicited by car bachol in depolarized taenia segments in equilibration with an external Ca concentration of 0.5 or 1.0 mM increased with repetition at an interval of 20 min or more before reaching a stable level. In the polarized guinea-pig taenia caecum, Schatzmann (14) observed that stimulation with carbachol caused a net loss rather than a net gain of Ca. This led to the conclusion that carbachol causes contraction by releasing Ca from some cellular site.
On the other hand, Nasu & Urakawa (15) found that carbachol increased the size of `tightly bound fraction' which does not exchange with external Ca within 4 min .
The phasic response to carbachol may be related to either one of the following situ As to the loci corresponding to the Ca-storing sites, the present work gives no direct evidence. The main cellular elements which bind Ca ions are the plasma membrane (16, 18) , the sarcoplasmic reticulum and the mitochondria (18, 19) . However, since car bachol has not been demonstrated to enter the smooth muscle cells, the mitochondria may be a less probable site. Based on evidence obtained from the studies performed on microsomes from the guinea-pig ileum, Hurwitz et al (17) have suggested that plasma membrane may serve as a primary cell element which sequesters Ca ions. The present findings that the curve of the relationship between the mechanical response to carbachol and the duration of treatment with Ca is shifted in parallel along the axis of the mechani cal response when the Ca concentration for treatment is varied and the carbachol respon siveness gradually disappears in the Ca-free medium, suggest that the stored Ca may be in dynamic equilibrium with [Ca] o. This appears to more or less follow the suggestion by Hurwitz et al. (17) .
